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ABSTRACT
We report long-range ferromagnetic ordering in a vanadium-doped monolayer WSe2 semiconductor using spin-polarized density functional
calculations. We found that the vanadium dopant is located in the fully occupied state inside the valence band, inherent from spin–orbit cou-
pling, leading to the presence of free holes in the valence band. As a consequence, the spin-polarized hole carriers are delocalized not only in
the vanadium site but also persistently in the tungsten sites distant from vanadium to facilitate the long-range ferromagnetic ordering in the
vanadium-doped monolayer WSe2. Our findings of this study pave the way for the future exploration of carrier-mediated room-temperature
two-dimensional ferromagnetic semiconductors via magnetic dopants.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5131566
A semiconductor in which a minute content of magnetic dopant
is dissolved is called a dilute magnetic semiconductor (DMS). A DMS
can create spin-polarized carriers, wherein the magnetic ordering is
controlled by gating.1–3 Although DMSs have been demonstrated in
II-VI and III-V compounds such as Mn-doped CdTe and GaAs,4–6
the stabilization of long-range ferromagnetic ordering is debatable, let
alone the room temperature issue.1–3,7–15 The primary concern is
whether the magnetic order is established by the direct exchange
between localized dopant states (e.g., impurity band model)11–13 or the
indirect exchange mediated by interaction with free carriers of host
materials [e.g., Ruderman–Kittel–Kasuya–Yosida (RKKY) or the
Zener model].7,8,10,14,15 The difficulties originate from interstitial sub-
stitutions, clusters, and alloy formation, which give rise to completely
different electronic band structures from the host materials.8 The
structure becomes even more complicated in oxides such as zinc and
titanium oxides owing to their oxygen vacancies and nonstoichiomet-
ric structures.16
Semiconductors of the transition metal dichalcogenides (TMDs)
are attractive hosts for DMSs; they may provide a unique opportunity
to explore magnetic properties and improve the Curie tempera-
ture.17–46 Recently, the room-temperature ferromagnetic ordering
revealed by magnetic force microscopy at a low vanadium-doping
concentration in WSe2 has been observed.
31 Understanding the way
long-range ferromagnetic ordering can be implemented plays an
important role in achieving the gate-modulated magnetic properties of
this material. The diluted magnetic TMD semiconductors have been
previously investigated by density functional calcula-
tions.17,20–27,29,30,32,34,36,37,40–46 However, how the long-range magnetic
order is established with a low doping concentration has not been
studied yet. It is also important to include the spin–orbit coupling
(SOC) in TMDs to investigate their magnetic properties, in particular
for the V-doped WSe2 system to understand the possibility of long-
range spin order formation. Here, the band structure of V-doped
WSe2 is investigated by spin-polarized density functional calculations
with 8 8 and 10 10 supercells that correspond to 1.6% and 1% of
vanadium. We found that spin–orbit coupling (SOC) plays a key role
in provoking the long-range ferromagnetic order in V and W sites far
away from V positions through the free hole carriers. This supports
the RKKYmodel.
The band structure was calculated by density functional theory
(DFT) using the Quantum Espresso package with generalized gradient
approximation (GGA) plus U (U¼ 3).47,48 The projector augmented
wave pseudopotentials were used with a cutoff energy of 80 Ry.49 The
structure was optimized with a force smaller than 0.05 eVÅ1 and an
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energy convergence of 0.02meV/atom. The energy convergence
threshold for each self-consistence step is 106 eV. To isolate the inter-
action between the layers, a length of 20 Å along the c-axis was used.
As the 8 8 and 10 10 supercells contain a large number of atoms,
a cutoff energy of 30 Ry with the Gamma point was used for the self-
consistent calculation. The lattice constant of the optimized WSe2 was
used to calculate the doped structure. There was a negligible change in
the pressure of the supercell, which indicates a small change in the
structure of the V-doped WSe2. In both the calculations (with and
without SOC), the magnetic moment is initially introduced along the
z-axis (parallel to the c-axis). To check the cutoff energy convergence,
the 6 6 supercell with a 4 4 k-grid was used. The band orders with
cutoff energies of 30 and 80 Ry are similar (Fig. S1). Therefore, using
the 30 Ry cutoff energy result is not detrimental to our conclusions.
The trend observed in our results is the same as that calculated in the
cases of MoS2 and WSe2 using local density approximation (LDA),
generalized gradient approximation (GGA), and GGAþU
functionals.35
Figure 1(a) depicts the band structure of the 8 8 supercell of
the V-doped WSe2 monolayer obtained from the DFT-GGAþU cal-
culations without SOC. U is chosen as 3 to describe the strong
Coulomb interaction of vanadium.50,51 The Fermi level of the
V-doped WSe2 is shifted down near the valence band, thereby exhibit-
ing the p-doping effect with the V dopant compared to the Fermi level
located in the center of the bandgap (Fig. S2). A localized spin-down
state, which is unoccupied and shallow near the band edge (approxi-
mately 0.05 eV above the Fermi level), is ascribed to an acceptor in the
p-doped WSe2. The difference between the spin-up and the (domi-
nant) spin-down state clearly indicates the spin-polarized band struc-
ture of the V-doped WSe2 and, in particular, the spin-polarized top
valence band. We note that the maximum valence band in the WSe2
monolayer is located at the K1 point of the primitive cell.
52 Although
the band folding occurs in the 8 8 unit cell, the K points of the prim-
itive (K1) and the 8 8 supercell (K8) are coincident, which gives rise
to the maximum of the valence band located at the K8 point of the
8 8 unit cell (Fig. S3).
The strong SOC of the W atom splits the valence band edge of
WSe2.
53 This band splitting can strongly influence the characteristics
of the V-dopant. Therefore, it is important to examine the effect of
SOC on the band structure of the V-doped WSe2. With SOC, the
Fermi level shifts down inside the valence band edge [Fig. 1(b)], which
is distinct from the Fermi level located above the valence band edge.
The spin energy difference between the ferromagnetic and nonmag-
netic states is 340meV, which is much higher than 140meV without
SOC. The Curie temperature is 2600K by rough estimation using
mean field theory,54 i.e., Tc¼ 2DE/3kB. This result of mean field theory
is usually overestimated. With SOC, the total spin magnetic moment
with a particular V-doping concentration of 1.6% is enhanced by 40%.
The long-range order of the spin system is clearly manifested with
SOC and has not been found to be discernable without SOC. This is
described in the subsequent sections. We note that the top of valence
bands of the pristine and doped structures is overleaped, indicating
the similar effective mass of these two bands (Fig. S4). Therefore, deg-
radation of mobility owing to the change in the effective mass is negli-
gible. Nevertheless, the doping state generated by the strong
hybridization of V, W, and Se atoms can be a scattering center, which
reduces the mobility of pristine WSe2. It is unavoidable in the doped
systems.
To investigate the contribution of the V and W atoms to the band
structure, their projected density of states (PDOS) is provided in Fig. 2(a).
FIG. 1. Spin-polarized band structure and total DOSs of V-doped WSe2 (a) without SOC and (b) with SOC of the 8 8 supercell. The blue and red colors represent the corre-
sponding spin-up and spin-down density of states in the case of no SOC.
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The V-dopant-related spin structures without SOC are visualized
more intuitively than those with SOC even though the overall band
structures are similar to each other except for the location of the Fermi
level close to the valence band edge (Fig. S5). Several states of the pro-
jected V atom are distinct: (i) flat dispersion in both spin-up near con-
duction bands and spin-down near valence bands, (ii) delocalized
bands, and (iii) strongly hybridized bands. The spin-up and one spin-
down states are localized as a flatband from the V site corresponding
to near conduction and valence band edges.
While the V delocalized states contribute to the whole energy
range of the valence band, strong hybridization between the d-orbitals
of the V and W sites (left and middle panels) is clearly visualized in
the projected DOSs. The localized d-orbitals of the W atom near the V
site are similar to those of the V site. In contrast, the localized d-
orbitals disappear at the W site far away from the V site. Moreover,
the p-orbital of Se atoms near the V site is also revealed at the localized
doping level, thereby indicating the pd-d interaction between the V,
W, and Se atoms of these localized states. Intriguingly, the spin-
polarized states are still persistent even at the W site far away from the
V site (right panel). The strong hybridization between the V and W
atoms takes place at all the W sites even far away from the V site (bot-
tom of the right panel).
Next, the partial local density of states in real space is calculated
to elucidate the delocalization degree of the doping states. The spin-up
state is uniformly distributed over the entire W atoms including the V
site by the significant contribution in the valence band edge (top
panel) [Fig. 2(b)]. In contrast, the spin-down acceptor state near the
Fermi level (middle panel) is strongly localized near the V site, extend-
ing over two- or three-unit cells of WSe2. The strongly hybridized
states are also delocalized with high density of states near the V site,
slowly decaying far from the V site. It is observed that the DOS of the
Se atoms far from the V site is negligible for the strong hybridization
state (Fig. S6). This implies the nature of the d-d interaction solely
between the V and W atoms of this state. Similar types of bands are
also observed with SOC, except the number of bands, which is larger
than that without SOC due to band splitting (Fig. S5).
Next, the long-range magnetic order in V-dopedWSe2 is verified.
As the free carriers of the host materials manifest the long-range mag-
netic ordering, the local magnetic moment in real space is calculated.
The projection of the spin density along the c axis for the same color
scale of 0.0007 lB/Å
2 was investigated with and without SOC (Fig. 3).
The magnetic moment is highly localized near the V sites without
SOC [Fig. 3(a)]. The magnetic moment on the W atoms far from the
V atom (Table I) is negligible. In contrast, the spin density with SOC
expands to the entire W atoms even far from the V atom [Figs. 3(b),
S7, and Table I]. This clearly demonstrates the long-range magnetic
order. The contribution of the spin density far from the Se atoms is
negligible. The W atoms far from the V atom have spin-up electrons
similar to the spin state of the V atom, whereas other W atoms nearest
to the V atom contain spin-down electrons (Table I). The magnetic
moment is enhanced by the average of the entire lattice. Further, the
magnetic moment for the 10 10 unit cell corresponding to 1% V
concentration with a V–V distance of 3.5nm is calculated (Figs. S8
and S9). The long-range spin order is also similar in the case of the
FIG. 2. (a) Partial d-orbital density of
states of V-doped WSe2 at the V atom
and the W atoms near the V and far from
the V sites. The color mapping represents
the density of states at different k-points
from 0 to 1 state/eV. (b) Spatial distribution
of density of states near the Fermi level.
The values of isosurfaces are 0.000 025,
0.0001, and 0.000 05 states/(Bohr3 Ry) for
the corresponding spin-up valence band,
acceptor, and strongly hybridized states.
FIG. 3. Projected magnetic moments along the c axis (a) without SOC and (b) with
SOC of the 10 10 supercell. The color map range is from 0.0007 to 0.0007lB/Å2
for the spin-down and spin-up states.
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8 8 unit cell. It is worth mentioning that the well-known issue of the
bandgap underestimation by GGA and GGAþU can give rise to erro-
neous positions of the doping level.55 However, it is confirmed that
the GGAþU scheme produces doping levels comparable to Heyd-
Scuseria-Ernzerhof calculations,35 which are widely expected to result
in a bandgap closer to the experimental value. Therefore, these results
with GGAþU are still valid.
The simple band model of the V-doped WSe2 with and without
SOC is summarized in Fig. 4. Without SOC, the strongly hybridized
states are fully occupied near the valence band edge below the Fermi
level. No free holes are available in the valence band edge. Therefore,
the magnetic moments are induced locally near the V site with a
minor contribution of the spin-down states [Fig. 4(a)]. Meanwhile,
with SOC, the localized V band is inverted into the valence band edge,
thereby leaving the spin-polarized hole carriers in the valence band
[Fig. 4(b)]. Consequently, the long-range ferromagnetic order is medi-
ated with free holes to establish the spin order even near the W sites in
the entire lattice.
In conclusion, the long-range ferromagnetic order has been dem-
onstrated in the V-doped WSe2 monolayer. The SOC plays an impor-
tant role in determining the energy level of the doping states, leading
to the formation of spin-polarized free holes. The short-range pd-d
hybridization among the V, W, and Se atoms and, more importantly,
the long-range d-d hybridization solely between the V and W atoms
are identified. The latter could play an important role in improving
the Curie temperature in V-dopedWSe2.
See the supplementary material for the band structure of pristine
WSe2, PDOS analysis including SOC, and spin density of the 8 8
and 10 10 supercells.
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